Soluble microbial products (SMPs) tend to accumulate in the membrane bioreactor (MBR) systems as a consequence of high membrane rejection and apparently low biodegradability within the wastewater treatment system. The extension of the activated sludge models (ASMs) with SMPs, therefore, has received crucial importance in recent days, particularly considering their potential use as indicators of the membrane fouling propensity. This paper presents a critical review of the formation and degradation kinetics of SMP subdivisions that have so far been used for the mathematical modelling of MBR. The paper identified a simplified approach to incorporate the kinetics of the SMP formation and degradation in the general mathematical models of MBR. It suggested that the inclusion of only four additional linear differential equations in the ASM1-SMP integrated mathematical model could simulate well the effluent quality and membrane fouling prediction. The model would also serve as a useful tool in optimizing operation conditions for better treatability and fouling control.
Introduction
Membrane fouling and its control has become a major concern for the sustainable and economically feasible operation of the membrane bioreactor (MBR) system as it greatly hinders the sys-tem's efficiency for better effluent quality with lower sludge pro-duction. The presence of soluble microbial products (SMPs) has great significance to the studies of membrane fouling since the membrane rejection mechanism was identified as dependent on the rate of the SMP loading. Many studies recognized SMPs as one of the major contributors of the membrane fouling (inter alia Rosenberger et al., 2005 Rosenberger et al., , 2006 Liang et al., 2007; Drews et al., 2008; Kimura et al., 2009; Meng et al., 2009) . The understanding of the SMP kinetics including its characterization, therefore, war-rants a more careful consideration through mathematical model-ling studies for a better understanding of its influences on the bioprocesses and membrane fouling mechanism.
Since the late eighties, many researchers recognized that the SMPs could play an important role in the biological wastewater treatment system. * Corresponding author. Tel.: þ61 2 95142745; fax: þ61 2 95142633.
E-mail address: h.ngo@uts.edu.au (H.H. Ngo). Namkung and Rittmann (1986) subdivided SMPs into utilization-associated products (UAP) and biomassassociated products (BAP), and till date these are the widely accepted sub-divisions of SMP. UAPs are produced from the substrate degrada-tion only but BAPs are assumed to be produced by the decay of the active biomass (Namkung and Rittmann, 1986; Furumai and Rittmann, 1992) or by the hydrolysis of bound extracellular poly-meric substances (EPS) (Laspidou and Rittmann, 2002a,b) or by the combination of both (Aquino and Stuckey, 2008) . Due to the high membrane fouling potential of SMPs, mathematical models have been developed introducing these kinetics into the bioprocess of MBR either separately (de Silva et al., 1998) or with the extension of basic Activated sludge models (ASMs) (Lu et al., 2001; Oliveira-Esquerre et al., 2006; Jiang et al., 2008) . As the physical mecha-nism of the membrane plays a vital role in describing the mem-brane fouling of MBR, ASMs-SMP models have also been integrated with the resistance-in-series models in various forms (inter alia Lee et al., 2002; Di Bella et al., 2008; Mannina et al., 2011; Mannina and Di Bella, 2012) . However, the integration of the SMP kinetics into the basic ASMs has greatly complicated the tasks of the mathe-matical modelling, particularly due to some additional process parameters measurement of which proved to be unfeasible for practical applications. The review done in this paper is aimed at discussing the stateof-the-art in this field of research along with identifying the limitations of different approaches. The main aim of the paper is to find out a simplified approach for the inclusion of SMP kinetics into an integrated mathematical model of ASM without sacrificing the UAP Namkung and Rittman (1986) Laspidou and Rittman (2002b) SMP degradation 92%) are mainly responsible for the production of SMP while the SMP produced by the autotrophs contribute to less than 8% of the total SMP (Xie et al., 2012) . The fraction of autotrophs was attributed to the ammonia-oxidizing bacteria (AOB-5%) and the nitriteoxidizing bacteria (NOB-3%).
The utilization associated products of the SMPs i.e. the UAPs are generally classified as compounds produced during substrate metabolism at a rate proportional to the rate of substrate degradation (Namkung and Rittmann, 1986; Laspidou and Rittmann, 2002b; Aquino and Stuckey, 2008) . Jiang et al. (2008) performed (2008) SMP degradation storage products have a higher MW and are probably more refractory. Unlike UAPs, there exist ambiguous concepts for describing the production mechanism of the BAPs. It was assumed in earlier studies that BAPs are produced from the decay of active biomass (Namkung and Rittmann, 1986; Furumai and Rittmann, 1992; de Silva and Rittmann, 2000) . Laspidou and Rittmann Aquino and Stuckey (2008) followed the same concept of active biomass differentiation given by Laspidou and Rittmann (2002b) but added the decay of active cells for BAP production on top of the hydrolysis of the bound EPS. However, the researchers have come to a general consensus that both the UAP and BAP are biodegradable and thus cycle back to become substrate cells. Following the above discussions, three main concepts for the SMP formation and degradation can be differentiated as shown in Fig. 1 . Menniti and Morgenroth (2010) compared three conceptual models (de Silva and Rittmann, 2000; Laspidou and Rittmann, 2002a; Aquino and Stuckey, 2008) which were developed based on the above mentioned concepts. The objective of the study was to justify their ability to predict SMP concentrations observed in an MBR system during a period of increased SMP and bound EPS production due to increased predation. Each of the conceptual models could capture the steady-state data reasonably well. However, only the conceptual model of the Aquino and Stuckey (2008) was able to reproduce system performance under dynamic operating conditions while the other two models were unsuccessful to do the same. The structure of the model proposed by de Silva and Rittmann (2000) or Laspidou and Rittmann (2002a) inherently emphasizes one mechanism over another and therefore, the models are not flexible enough particularly to capture the dynamic changes of the bound EPS to BAP. The Aquino and Stuckey (2008) model, being somewhat a combined version of the previous two models, was flexible enough to predict the dynamic changes in bound EPS and SMP production. The SMP produced by the erosion of bound EPS was found to be readily degradable while SMP produced by predation or biomass decay was slowly degradable. The findings of the biodegradability specific for the MBR system showed that the slowly biodegradable SMP produced by the biomass decay is the fraction with the highest concentration. Thus, it was concluded in the study that the inclusion of the SMP production mechanism from the biomass decay is significant to capture the SMP kinetics over a wide range of the MBR operating conditions i.e. SRT.
In a recent review Fenu et al. (2010) mentioned that neglecting one of the two SMP fractions could lead to simplification of the mathematical model at least by reducing the number of state variables. The operating and environmental conditions of a wastewater treatment system e.g. the SRT of the MBR system may determine the predominant fraction case by case for the different process specific conditions. However, the ASM based hybrid models in the early nineties used to consider only BAP fractions regardless of the process specific conditions. It was also reported in the paper that the BAP fractions typically dominate over the UAPs at reasonably high SRTs (Furumai and Rittmann, 1992) or in steady-state conditions (Aquino and Stuckey, 2008) . The UAP was reported to predominate when the rate of substrate degradation is high (Laspidou and Rittmann, 2002a,b; Aquino and Stuckey, 2008) . When the simplification of SMP modelling is sought under a process specific conditions of the MBR, one of the two SMP fractions can be assumed to play dominant role for the membrane fouling predictions. Recently, the UAP/BAP ratio has been suggested a new filterability index for the submerged MBR system (Gholikandi and Khosravi, 2012) .
Process parameters of MBR affecting SMP
The effect of various process parameters on the production, accumulation and elimination of SMP associated with multiple and complex interactions between ambient operating conditions of MBR and SMP is still a major concern for the researchers in this field. Drews (2010) and Meng et al. (2009) discussed the effects of various operational parameters on the kinetics of SMPs in details. Among the operational parameters, the SRT has been identified as the main influential parameter for SMP concentration (inter alia Cho et al., 2003; Liang et al., 2007; Zarragoitia-Gonzalez et al., 2008; Jiang et al., 2008; Mannina and Di Bella, 2012) . The SMP concentration were observed to drop at higher SRT which can be correlated with the less fouling propensity observed at higher SRT (Drews, 2010) . Liang et al. (2007) observed that the accumulation of SMP in the MBR sounded out more at short SRTs (10 and 20 days) than the same at longer SRT (40 days). In contrast, Trussell et al. (2006) found that SMP contributed to the increase of the total filtration resistance with increasing SRT from 2 to 10days. Although the total EPS extracted was approximately the same for the two SRTs (10 day, 30 day) under the same organic loading rate in a study by Zhang et al. (2006) , the soluble PS in the sludge suspension was about 100% higher for the SRT of 10 day than that for 30 day. Rosenberger et al. (2006) also found that the PS concentration was higher at an SRT of 8 day than that at an SRT of 15 day.
Among other factors, toxic compounds and hydrodynamics (or shear stress), and the availability of oxygen sources and the presence of nitrifying products can also play roles in SMP elimination, rejection and fouling propensity (Drews, 2010) . Drews et al. (2007) observed lower SMP elimination at low DO concentration where sudden temperature changes led to spontaneous SMP release and increase in fouling rates. It was suggested in their study that a sufficient supply of oxygen should be maintained within the bioreactor and sudden temperature change should be avoided to achieve low SMP concentrations.
State-of-the-art models for SMP kinetics
In many MBR studies, SMPs have been admitted as one of the membrane founlants or as indirect indicators of fouling propensity (inter alia Rosenberger et al., 2005 Rosenberger et al., , 2006 Le-Clech et al., 2006; Wu et al., 2007; de la Torre et al., 2010; Fenu et al., 2010) . Therefore, the overall efficiency of the treatment system cannot be evaluated by the mathematical modelling studies unless the SMP kinetics is included in the model. In the conventional ASM based hybrid models, the extension/modification by SMP concepts were done to pursue the following modelling objectives: (i) linking biology with fouling, (ii) soluble COD predictions (iii) model high SRT processes (Fenu et al., 2010) . The early ASM-SMP hybrid models are termed in this paper as bioprocess models since the modelling objective was actually to capture the influences of the SMP on the systems' bioprocesses. Later, the bioprocess models were linked to the physical sub-model through integrating the SMP component in the description of the physical membrane fouling models which is termed here as integrated model. The following sections are, therefore, discussed categorising them into bioprocess models and integrated models.
4.1. Bioprocess models Furumai and Rittmann (1992) presented a model to account for the formation and exchange of SMPs between heterotrophs and nitrifiers. Separate formation rates for the two types of SMP are presented in the model, the UAPs are produced in a rate proportional to the substrate utilization while the rate of BAPs' production is assumed to be proportional to the amount of active biomass. Both the heterotrophs and nitrifiers are considered for the production of SMPs but only heterotrophs degrade them for cell synthesis. The model was later modified to include specific features of the MBR processes by de Silva et al., 1998 (Ng and Kim, 2007 . The main modifications were the elimination of biomass output in the effluent and partial removal of BAPs of larger macromolecules by the membrane. Additionally, denitrification reactions and separate consumption rates for UAPs and BAPs (according to the findings of Noguera et al., 1994) were also included in the modified model. The modified model contains 10 non-steadystate mass balance equations to characterize heterotrophs, nitrifiers, inert biomass, soluble COD, ammonia and nitrate nitrogen, nitrogen gas, oxygen, UAP and BAP. Urbain et al. (1998) verified the simulations of the modified model against the observed results of a pilot-scale MBR plant in Aubergenville, France. Both the simulations and experimental results showed good correspondence in COD and nutrient removal, sludge production and biomass distribution under both the steadystate and transient conditions. In a similar study of de Silva et al. (1998) , the model was able to predict accurately the sludge concentration and nitrogen species, and also to capture the trends for soluble effluent COD. However, the model was reported unable to handle the technical problems or sudden variations in the wastewater composition. The kinetic and stoichiometric parameters for the model were used as default values from literature and no fitting was performed for the calibration of the model. Lu et al. (2001) first modified ASM1 (Henze et al., 1987) to include the kinetics of SMP. In the modified ASM1 model, UAP is produced directly by original substrate metabolism, and the soluble biodegradable organic matters derived from the biomass decay and the hydrolysis products of particulate biodegradable organic matters are classified as BAPs. Both UAP and BAP can be reused by heterotrophs for their growth according to the multiplicative Monod expression. The model presented 12 transient mass balance equations but excluded the effects of alkalinity. In their study, the model was validated against the observed results of a single completely mixed MBR system fed with synthetic wastewater under intermittent aerobic condition. Although the simulation results were in good agreement with the experimental data, the model was questioned of COD and charge imbalances (Jiang et al., 2008) . Ahn et al. (2006) integrated a unified theory into ASM1 where BAPs are uniquely derived from hydrolysis of the EPS. The model is over parameterized as it has introduced additionally 2 components, 5 processes and 8 parameters. The model was verified for the characterization of the MBR sludge at different SRTs. The simulation results showed good correspondence with the experimental values but no effect of SRT was found on SMP production. Jiang et al. (2008) proposed an ASM2d-SMP hybrid model which is more efficient to identify the fate of different fractions of SMP.
STO
Although the calibration protocol of the model is well defined, there is considerable increase in the total number of equations and model parameters as well. However, the research community has not yet reached a general consensus about the methods of characterization of the SMP fractions. Jiang et al. (2008) set up specific batch tests in a lab-scale MBR in order to evaluate separately the SMP related parameters. Production, hydrolysis and degradation were the three steps considered in their study of the complete BAP kinetics. However hydrolysis was confirmed as the first step for SMP utilization as both the UAP and BAP typically exhibited the biodegradability and had a large fraction of MW greater than 20 kDa (Tian et al., 2011) . SMP kinetics was integrated with ASM3 by the latter authors, and it was reported that the SRT was the key parameter controlling the SMP concentration. As proposed by Tian et al. (2011) , the kinetics of the formation and degradation of the UAP and BAP are given in Eqs. (1)e(4). However, the kinetics of the UAP formation (Eq. (1)) is much more complicated compared to the model equation of the same given by the other researchers. A list of equations of the formation and degradation kinetics of UAP and BAP as proposed by different researchers can be found in another review paper by Zuthi et al. (2012) .
UAP formation rate:
S NH S o membrane fouling model in few studies (Lee et al., 2002; Zarragoitia-Gonzalez et al., 2008; Di Bella et al., 2008; Mannina et al., 2011) . Lee et al. (2002) developed a model for SMBR by coupling an ASM1-SMP hybrid model with a conventional resistance-in-series model. Four additional processes are presented in the model for describing fate of SMP while the process rates and stoichiometry for the carbon and nitrogen are kept the same as ASM1. All the UAP but only a portion of BAP is considered to be biodegradable in the model. The membrane fouling in the model is captured by the conventional resistance-in-series model which has its components derived from the bioprocess sub-model. Although the contribution of the SMP is considered for its influence on the specific resistance, its contribution is ignored in total cake mass deposited on the membrane. Jang et al. (2006) developed a model based on the unified theory (Laspidou and Rittmann, 2002b) for the production and degradation of EPS and SMP. The model was extended with several additional equations using the modified fouling index (MFI MBR ) of the MBR aimed to predict the biofouling potentials caused by soluble and suspended solids (Eq. (5)). Therefore, the MFI MBR in the model was divided into soluble materials (MFI Sol ) and suspended solids (MFI SS ) and was measured by Eqs. (6) and (7) respectively.
UAP hydrolysis rate:
The simulation results showed that the MFI Sol contributed more to biofouling of MBR than the MFI SS except for a SRT of less than 5
days. The model is over parameterized and it has yet to be validated BAP formation rate: (Lu et al., 2001 ) and a membrane fouling model. Only heterotrophs were considered in the model. Although biomass decay was considered for the BAP production, the SMP concentration was used to calculate bound EPS
as S UAP þ S BAP /0.8 X TSS . Considering the usual operating condition of an MBR, the use of model was limited to aerobic condition only. As
Based on the findings of the simulation results of the model for a full-scale MBR, Fenu et al. (2011) proposed some modifications of the ASM2d-SMP hybrid model of Jiang et al. (2008) . The modifications were made by introducing heterotrophic sludge yield as Y H (1 -f UAP ), excluding autotrophic biomass in the UAPs formation, and assuming that the degradation of UAP and BAP produced intermediate products and biomass but not the new BAP or UAP. However the model description was limited for the modelling of the bioprocesses only without any correlation of the SMP with the physical membrane fouling phenomena.
Oliveira-Esquerre et al. (2006) presented the ASM3-MP model based on ASM3 (Gujer et al., 1999) but introduced in the model a new state variable termed as MP (microbial products). The UAP and BAP were lumped into a general term MP for which only the decay products of the biomass was considered. The modified ASM3-MP model was unable to predict the measured SMP concentrations without compromising the prediction accuracy of original ASM3 state variables.
Integrated models
In order to capture all the distinct characteristics of MBR, the bioprocess model has been linked to the physical sub-model or the model was based on Lu's model, the model predicted an incomplete and incorrect COD balance. Although the model contains high number of SMP parameters, it neglects some important physical mechanisms and phenomena, such as the dynamic deepbed filtration of cake layer and their possible influence on the removal of organics (Mannina et al., 2011) .
Another adoption of the biological mechanism Lu's model was by Di Bella et al. (2008) and it was connected to the physical mechanism of membrane for the removal of organics. The formation of the cake layer on membrane was described according to the Li and Wang (2006) model. In addition, COD removal by the cake layer and the physical membrane were quantified in the model. The model was calibrated well and could predict the COD better than the previous models of its kind. However, the SMP concentration was missing in the work. The complexity of the model calibration was reduced by the calibration using the most sensitive parameters only. Di Bella et al. (2008) carried out about 10,000 Monte Carlo simulations for the calibration of the model followed by the calibration by trial and error in order to define the values of the most sensitive parameters of the model. It was found in the sensitivity test that the Y SMP and g UAP,A had strong influence on the majority of output variables while b BAP,h and m SMP had mainly affected the parameters NH 4 and NO 3 . According to Mannina et al. (2011) , the major limitations of the model were that the different effects of aeration on the cake deposition was not taken into account in the model, and the filtration were considered uniformly distributed on the entire surface of the membrane which was impractical especially in case of hollow fibre membrane in submerged configuration.
In order to overcome the above limitations of the above model (Di Bella et al., 2008) , a few modifications were proposed by Mannina et al. (2011) e.g. the kinetics of the SMP formation and degradation (according to Jiang et al., 2008) , the dynamic phenomena of the attachment and detachment of the cake layer on the membrane and their influence of the development of fouling, the variation of the transmembrane pressure (TMP) and the variation of the membrane resistance due to fouling. An innovative calibration protocol based on step-wise approach followed by preliminary global sensitivity analysis was employed to calibrate the model. In the new model, the biological process was based on a modified version of the modelling approach proposed by Jiang et al. (2008) which was linked with the sectional resistance-in-series model for modelling the physical mechanisms of the membrane. From the results of the sensitivity tests, it was reported that Y a , f Si and f BAP influenced COD in the reactor while the i x,p is influential on the NH 4 concentration in the permeate. Like the earlier models, SMP concentration was also missing in the work but the model predicted well the MLSS, COD perm , NO 3 and R tot during the long-term behaviour of the treatment system. The simulations showed discrepancy in some cases which was ascribed to the poor experimental investigation during the first days of start-up period and also to the initial inoculum biomass acclimatization that was not modelled.
In a study to find out the influences of start-up strategies on MBR performance and fouling development of membrane fouling, Mannina and Di Bella (2012) applied the model developed by Jiang et al. (2008) in order to assess different fouling rate. Mannina and Di Bella (2012) monitored an MBR pilot plant for two experimental periods, each of 65 days, and within this time the plant was started up with (period 1) and without (period 2) of inoculation of biomass. Higher net SMP production during the start-up period with sludge inoculation was observed compared to the period without sludge inoculation. The finding was attributed to the increased biological activity in the experimental period 2 because of the different SRT. However the stickiness of the biomass particles in the period 1 was slightly higher than that in period 2 which was assumed due to the high SMP concentration in the initial phase of start-up without inoculation. Also assuming that the SMPs can be changed by the biological and physical actions which can be retained at a different proportion inside the cake layer, three different SMP concentrations were calculated at the different MBR sections: reactor (SMP reactor ), cake layeremembrane interface (SMP cake-mem ) and permeate (SMP permeate ). The results of the model simulation (Mannina and Di Bella, 2012) confirmed the complex relationship between MLSS and SMP formation-degradation especially during the start-up phase. Lower concentration of SMPs was found in period 1 due to higher SRT. However, higher specific SMP concentration was observed during the first 25 days of plant operation in period 1 which might be due to the variations in operational conditions i.e. F/M and MLSS.
Summary and outlook
It is evident from the review presented in the paper that the extension of the ASMs with the kinetics of SMP modelling has made some hybrid models too complicated to be applied in practical applications for the full-scale MBR plants. The integration of the membrane fouling phenomena in the ASM-SMP hybrid models has made the task much more challenging. Some integrated mathematical models are over parameterized and consequently the calibration of the models followed by the sensitivity analyses is also a tedious procedure. However, attention should be paid on the strategies to reduce the model parameters without significant compromise in the accuracy of the model predictions. Based on the comparative studies on several published ASM-SMP models and integrated models, it is recommended that an integrated model by combining a modified ASM1-SMP model (Lu et al., 2001 ) with the membrane's sectional-resistance approach (Zarragoitia-Gonzalez et al., 2008; Mannina et al., 2011) would describe the bioprocess of the MBR and membrane fouling with a reasonable degree of accuracy. The equations and the value of kinetic and stoichiometric parameters of the proposed model are shown in Tables 1 and 2. The SMP fractions produced by the biological system may differ among different MBRs for their process specific conditions. The differences may be not only in quantity but also in quality with associated effects of both criteria on the membrane fouling. This obviously demands appropriate characterization of the SMP fractions e.g., into BAP and UAP. However, there is no general consensus about the most appropriate methods for the characterization of SMP fractions. In this backdrop, the S SMP is introduced in the model as a lumped parameter which, in fact, would account for the aerobic and anoxic growth of dominant fraction of SMPs (BAPs) by the heterotrophic organisms (X B,H ). The parameter, S SMP , is introduced in both the biological and physical sub-model.
A specific modification in the model is recommended in order to incorporate terms of alkalinity to capture the continuity in ionic charge of the biological processes. This may eliminate the problems of charge imbalance of the Lu's model, and hence the model is able to predict possible changes of pH (Hauduc et al., 2010) due to changes in environmental and operating conditions. The major limitation of the Lu's model for COD imbalance can be eliminated if the COD removal by the membrane and also by the cake layer of the membrane in considered. For a continuously or intermittently aerated MBR system, the biological growth is not only dependent Lu et al. (2001) on the carb on substrate but also on the oxygen supplied by the aeration (Gehlert and Hapke, 2002) . The consideration of the aeration phenomena can also reduce the overall problem of the COD imbalance of the model.
Conclusions
The production and degradation of SMP within an MBR can be greatly influenced by the operational specificities of the treatment process such as the longer SRT with reduced concentration of SMP. The effects of feeding ratios along with the concentration of the total suspended solids, MLSS etc. within the bioreactor can also play a dominant role. The proposed model inherently considers that the non-biodegradable SMP from cell lysis becomes a portion of the inert COD in the effluent and hence can influence the effluent quality. The SMP retained due to smaller pore sizes of the membrane and also that retained within the cake layer on the membrane can be considered within the framework of the proposed semi-empirical integrated model. The model is not over-parameterized as it includes only 4 additional equations to ASM1 without significant increase of the SMP related parameters. However, the model is required to be validated against number of batch test results both at lab-scale and full-scale MBRs over a wide range of SRT and feeding ratios. The effects of the biological parameters such as S SMP and MLSS on the membrane resistance and fouling need to investigated. The simplified modelling approach would be useful to establish relationships between the biological kinetics of SMP and the membrane fouling. This can help optimizing operating parameters of an MBR for better effluent quality with controlled membrane fouling.
